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Abstract We report seasonal changes in coral calcifica-
tion within the highly dynamic intertidal and subtidal zones
of Cygnet Bay (16.5S, 123.0E) in the Kimberley region
of northwest Australia, where the tidal range can reach
nearly 8 m and the temperature of nearshore waters ranges
seasonally by *9 C from a minimum monthly mean of
*22 C to a maximum of over 31 C. Corals growing
within the more isolated intertidal sites experienced max-
imum temperatures of up to *35 C during spring low
tides in addition to being routinely subjected to high levels
of irradiance ([1500 lmol m-2 s-1) under near stagnant
conditions. Mixed model analysis revealed a significant
effect of tidal exposure on the growth of Acropora aspera,
Dipsastraea favus, and Trachyphyllia geoffroyi (p B 0.04),
as well as a significant effect of season on A. aspera and T.
geoffroyi (p B 0.01, no effect on D. favus); however, the
growth of both D. favus and T. geoffroyi appeared to be
better suited to the warm summer conditions of the inter-
tidal compared to A. aspera. Through an additional
comparative study, we found that Acropora from Cygnet
Bay calcified at a rate 69 % faster than a species from the
same genus living in a backreef environment of a more
typical tropical reef located 1200 km southwest of Cygnet
Bay (0.59 ± 0.02 vs. 0.34 ± 0.02 g cm-2 yr-1 for A.
muricata from Coral Bay, Ningaloo Reef; p\ 0.001,
df = 28.9). The opposite behaviour was found for D. favus
from the same environments, with colonies from Cygnet
Bay calcifying at rates that were 33 % slower than the
same species from Ningaloo Reef (0.29 ± 0.02 vs.
0.44 ± 0.03 g cm-2 yr-1, p\ 0.001, df = 37.9). Our
findings suggest that adaption and/or acclimatization of
coral to the more thermally extreme environments at
Cygnet Bay is strongly taxon dependent.
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Introduction
Rising ocean temperatures accompanied by the increased
frequency and severity of marine heat waves are testing the
physiological ability of coral to withstand extreme thermal
stress (Hoegh-Guldberg 1999; Hoegh-Guldberg et al. 2007;
Donner et al. 2009; Frieler et al. 2012). Mass bleaching
following regional warming events in the Caribbean, Red
Sea, and recently in Western Australia, has provided recent
evidence of these limits being repeatedly exceeded (e.g.,
Moore et al. 2012; Furby et al. 2013). Key factors influ-
encing the thermal tolerance of corals are the range and
variability in water temperatures to which they are
exposed, acting in synergy with specific changes in coral
genotype and phenotype, such as the increased production
of heat shock proteins and superoxide scavenging as well
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as hosting symbionts with more thermally tolerant geno-
types (Baker et al. 2004; Howells et al. 2011; Stat and
Gates 2011; Palumbi et al. 2014). Such environmentally
dependent resilience is particularly evident in the persistent
growth and survival of reef-building coral in extreme
environments where temperatures frequently exceed more
than 30 C (Smith et al. 2007; Oliver and Palumbi 2011;
Riegl et al. 2011).
Most of what we currently know about the ecology and
physiology of corals living in more thermally extreme reef
environments has largely come from three regions: the
Persian Gulf, Ofu Island in American Samoa, and the Red
Sea. Corals living in the Persian Gulf experience some of
the largest seasonal temperature ranges; from winter min-
ima of 11.4–16 C to summer maxima of 31–36 C
(Sheppard et al. 2010) yet support reasonable levels of
coral cover (*20 %), albeit with limited diversity relative
to other reef systems (Bauman et al. 2011). Corals in the
backreef and shallow pools bounding the island of Ofu in
American Samoa can occasionally experience daily fluc-
tuations up to *6 C, with a 4 C seasonal variation
superimposed on that, while the average daily temperature
of Ofu lagoon is *29 C in summer (Piniak and Brown
2009; Oliver and Palumbi 2011). Nonetheless, these reef
communities also support reasonable levels of coral cover
(25–26 %) and high diversity (Craig et al. 2001) with
reasonably robust rates of coral growth (*1.4 g cm2 yr-1;
Smith et al. 2007). In the Red Sea, Pineda et al. (2013)
found higher rates of bleaching in corals living on the more
exposed, seaward sides of nearshore reefs than corals living
on the more protected, shoreward sides, despite much
higher temperature elevations and variations within the
more protected sites, thus suggesting some form of envi-
ronmentally dependent resilience related to prior history of
thermal variability and exposure (Carilli et al. 2012; Cas-
tillo et al. 2012).
Although it is clear that corals can survive in thermally
extreme reef environments, it is still unclear how fast many
of these corals are actually growing through active
biomineralization or calcification. Currently, there are few
data on the in situ rates at which corals living in these
environments calcify, particularly on a quantitatively
comparable basis (e.g., CaCO3 amassed per unit bioactive
surface area per unit time). As long as bleaching or some
other form of sublethal thermal stress is not triggered, then
higher temperatures could support higher rates of calcifi-
cation given the influence of temperature on the rate
kinetics of aragonite precipitation (Burton and Walter
1987; McCulloch et al. 2012). Early work showed that
rates of coral calcification generally increase with tem-
perature until reaching some optimal rate and then
declining substantially as water temperatures approach
*30 C, likely as a result of increased levels of thermal
stress (Jokiel and Coles 1977; Marshall and Clode 2004).
Some field studies have demonstrated that rates of calcifi-
cation in Porites are highly correlated with regional
changes in water temperature (Cooper et al. 2012; Lough
and Cantin 2014), while others have shown that in situ rates
of extension and calcification can decrease at abnormally
high temperatures (De’ath et al. 2009; Cantin et al. 2010;
D’Olivo et al. 2013). Thus, thresholds for the sublethal
effects of thermal stress on growth appear to vary with
climatological regime as well as acclimatization or adap-
tation of local coral communities.
Corals living in the nearshore Kimberley region of
Western Australia are exposed to average monthly tem-
peratures of around 22 C in July to over 31 C in
December and exceed 30 C on average for around
5 months each year (Richards et al. 2015). They are also
subject to diurnal tidal amplitudes of up to 11 m (Kowalik
2004) that can expose corals to potentially stressful and
damaging levels of temperature and light (Anthony et al.
2007). Furthermore, water motion can become stagnant
during such low tide (Lowe et al. 2015), decreasing rates of
oxygen export and increasing oxidative stress (Lesser and
Farrell 2004; Anthony and Kerswell 2007; Mass et al.
2010), as well as increasing the temperature of coral tissue
above already elevated ambient levels (Fabricius 2006;
Jimenez et al. 2008). Thus, intertidal and nearshore envi-
ronments along the Kimberley coast provide a challenging
thermal environment to which corals have adapted, yet to
date we have found no record of extensive coral bleaching
on a regional scale along the Kimberley coast. Despite its
potential value for understanding coral growth under
extreme conditions, this area has received little attention
beyond conducting habitat surveys (Rosser and Veron
2011; Wilson and Blake 2011; Richards et al. 2015).
Instead, greater focus has been placed on the offshore reefs
to the north of the Kimberley coast, such as Scott Reef, due
to their potential as natural gas reserves (e.g., Cooper et al.
2010; Gilmour et al. 2013).
Numerous studies have already examined the commu-
nity structure (Craig et al. 2001; Riegl et al. 2001), phys-
iology (Smith et al. 2007; Putnam and Edmunds 2011),
and/or genomics (Oliver and Palumbi 2009; Barshis et al.
2013) of corals living in various high-temperature envi-
ronments. In the present study, we measured seasonal
changes in the calcification rates of three coral species: the
branching Acropora aspera, the flabello-meandroid
Trachyphyllia geoffroyi, and the massive Dipsastraea
favus, in both subtidal and intertidal environments over a
17-month period (April 2011 through September 2012;
Fig. 2), where diurnal ranges in mean hourly temperature
reached up to*7 C. We show that the corals within these
high and variable temperature environments grow and
calcify at rates comparable to similar species of hermatypic
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corals living in the more moderate temperature environ-
ments of Coral Bay in Ningaloo Reef, Western Australia.
Materials and methods
Field sites
The Kimberley is a region in northwest Australia spanning
latitudes *15–20 and longitudes *121–129, and
containing over 20,000 km of coastline. Our field site was
at Shenton Bluff, a coastal protrusion located on the north
end of Cygnet Bay, situated on the northwest coast of King
Sound, where the spring tidal range can reaches over 8 m
(16480S, 123040E; Fig. 1). Natural barriers situated
throughout the semi-emergent portion of this coastal pro-
trusion create a network of loosely interconnected tidal
pools whose depth and period of isolation during low tide
vary according to changes in local elevation as well as the
tortuosity of the pathways by which water can enter and
exit each pool during the incoming and outgoing tide. The
presence of these natural barriers combined with large-
scale (10s–100s m) depressions in the local bathymetry
ensures that some water is retained in each pool even when
offshore sea levels are several metres lower than the min-
imum depth of the pool. These types of intertidal envi-
ronments are commonly found in other shallow coastal
environments throughout the Kimberley (Wilson and Blake
2011; Lowe et al. 2015; Richards et al. 2015). We chose
three experimental sites subjected to varying degrees of
tidal influence so that we could get the broadest range of
light and temperature variability: (1) a shallow intertidal
pool with a minimum depth during spring low tide of
B0.2 m which gets completely isolated at low tide (herein
referred to as ‘isolated’), (2) an intertidal pool with a
minimum depth of *0.5 m that is only briefly isolated
from King Sound at the very peak ebb of low tide (herein
referred to as ‘intermediate’), and (3) a subtidal site with a
minimum depth of *1 m that is never tidally isolated or
otherwise disconnected from King Sound (herein referred
to as ‘subtidal’; Fig. 2).
To compare the coral calcification rates measured in the
Kimberley with similar genera in a more typical tropical
reef environment, a second study site was set up at Coral
Bay in the southern part of the Ningaloo Reef Tract
*1200 km southwest of Cygnet Bay (23140S, 113550E;
Fig. 3). This site was selected for having seasonal tem-
perature variations closer to the median for most tropical
reefs (22–28 C, mean of 25 C; Veron 2000; Zhang et al.
2013). Seasonal temperature maxima and minima at Nin-
galoo occur during the autumn and spring (April and
September, respectively) lagging seasonal solar maxima
and minima by*3 months (Falter et al. 2012). Circulation
in Coral Bay is predominantly wave-driven while tides are
Fig. 1 Map of a Australia,
b Dampier peninsula in the
Kimberley region, c Cygnet Bay
on the Dampier Peninsula, and
d Shenton Bluff with the three
study sites
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semidiurnal and generally do not exceed a range of 0.7 m
(Zhang et al. 2012), thus providing even greater contrast
with the Kimberley. For our comparative study, we chose a
site on the backreef flat (*2.5 m deep; Fig. 2) that was
well flushed by offshore waters to minimize the impact of
reef-scale variations in water temperature and chemistry
due to the longer residence times in the more landward
sections of the lagoon (Zhang et al. 2012, 2013; Falter et al.
2014).
Environmental data
At Cygnet Bay, we deployed HOBO Pro v2 Water Tem-
perature Data Loggers (U22-001; ±0.2 C) at all three sites
and Hobo Water Level Loggers (U20-001-02-Ti; ±5 %) at
the isolated and subtidal sites from March 2012 through the
end of August 2012 with the collection of temperature data
at the subtidal beginning in September 2010 with the pre-
liminary survey work and ending in August 2012. Down-
welling planar PAR irradiance at the benthos was measured
continuously (sampling every 10 min) at each site, during
each field survey, for approximately 1 week using an
Odyssey light sensor (Photosynthetic Irradiance Recording
System; ±6 %). Each of these sensors had previously been
calibrated under water against a factory-calibrated LiCor
192SA PAR sensor. Downwelling light along with salinity
(±0.002) and temperature (±0.002) was also measured
using an RBR XR-420CTPAR (RBR Ltd., Ontario,
Canada) equipped with a LiCor 192SA sensor at the
intermediate site.
Total alkalinity (TA; ±5 leq L-1) was measured on
filtered water samples (0.7 lm) collected from all sites,
using an approach based on the spectrophotometric method
of Yao and Byrne (1998), and calibrated against Certified
Reference Materials provided by Andrew Dickson at the
Scripps Institute of Oceanography (batch #105). Seawater
pH was measured on the total scale (±0.03) using a Schott
Handylab 12 pH metre equipped with a Blueline 24 pH
electrode calibrated at UWA against seawater pH standards
also provided by Andrew Dickson (batch #7). Dissolved
inorganic carbon (DIC), the partial pressure of dissolved
carbon dioxide (pCO2), and aragonite saturation state (Xar)
Fig. 2 a Colonies of Acropora aspera exposed at low tide in an
intertidal site, Cygnet Bay. b Colonies of Trachyphyllia geoffroyi
exhibiting two distinct colour morphs. c Side view of Dipsastraea
favus mounted on tiles for determination of calcification rates. d Plan
view of tripod frame in tide pool at the end of experiment with live
coral specimens. e Eye-level view of tidal pools formed during a
spring low tide
Fig. 3 Map of a Australia, b Coral Bay located south of the North West Cape on Ningaloo Reef, and c location of study site within Coral Bay
1154 Coral Reefs (2015) 34:1151–1163
123
were calculated from measured pH, TA, temperature, and
salinity using the CO2SYS program (Lewis and Wallace
1998).
Coral calcification
We chose three genera of corals representing a variety of
growth forms and taxa that were commonly abundant
around Cygnet Bay: the branching coral A. aspera (Wal-
lace 1999; Veron 2000), the flabello-meandroid coral T.
geoffroyi (Veron 2000), and the massive coral D. favus
(Veron 2000; Budd et al. 2012). To compare the calcifi-
cation of Cygnet Bay corals with those growing in more
typical reef environments, we measured calcification rates
in the following corals at Coral Bay: the branching coral
Acropora muricata (Wallace 1999), which has a similar
skeletal density to A. aspera (0.92 vs. 1.09 g cm-3, Bucher
et al. 1998), the massive coral D. favus, and the flabello-
meandroid Lobophyllia hemprichii. While we would have
preferred to compare the calcification of a flabello-mean-
droid coral species of the same genera, the primary
objective of the current study was to compare the calcifi-
cation rates of representative corals between different
regions, rather than how a particularly cryptic coral species
survives at the limits of its habitat range.
Branches of A. aspera (8–17 g), A. muricata (2–11 g),
and L. hemprichii (16–65 g) were collected from inde-
pendent parent colonies to avoid repetitive sampling of the
same colony, whereas we collected whole colonies of
solitary T. geoffroyi of 5–8 cm in size (13–40 g) and small
colonies of D. favus, 5–8 cm in size (10–60 g). Coral
specimens were attached to acrylic tiles using the marine
epoxy Z-SPAR and mounted on a tripod at each experi-
mental site (Fig. 2). Following the completion of each
individual growth season, the mounted coral specimens
were first cleaned of epiphytic growth and then buoyantly
weighed (±0.01 g; Bak 1973; Jokiel et al. 1978). Total
bioactive surface areas were calculated from a priori rela-
tionships between total surface area and dry skeletal mass
for each species determined from separately collected coral
colonies. The total surface areas of T. geoffroyi, L. hem-
prichii, and D. favus colonies were measured using the
aluminium foil technique (Marsh 1970), while the total
surface areas of the branching Acropora spp. were esti-
mated from the height and diameter of each branch
assuming a roughly cylindrical geometry (Bak and Mee-
sters 1998; Naumann et al. 2009). We then used the mea-
sured changes in buoyant weight and mass-dependent
surface areas to calculate the areal rates of net calcification
over each growth interval (gnet in mg CaCO3 cm
-2 d-1).
Sampling times were chosen, so that growth intervals
spanned either winter (March/April to September) or
summer (September to March/April). Over the course of
our study, we measured changes in buoyant weight in April
2011, September 2011, March 2012, and September 2012.
Thus, we were able to measure seasonal changes in rates of
coral calcification over two winters and one summer. To
calculate annual rates of calcification for each coral taxon
from our seasonal measurements, we first averaged both
winter measurements and then averaged this resulting
value with the summer measurement.
Statistical analysis
Two separate mixed effect models examining the influence
of two independent factors on calcification rate were run
for each of the three genera studied (either Acropora,
Dipsastraea, or Trachyphyllia) with one common factor
being each individual season (winter, summer, then win-
ter). The second factor we considered was location based
on one of either two separate spatial scales: local (inter-
tidal vs. subtidal at Cygnet Bay only) or regional (Cygnet
Bay vs. Coral Bay, subtidal habitats only). Given that all
independent factors considered were categorical and
therefore dimensionless, all coefficients generated by the
mixed effect model were thus in units of g cm-2 yr-1. We
did not perform a cross-regional comparison of calcifica-
tion rates between T. geoffroyi at Cygnet Bay and L.
hemprichii at Coral Bay, given that they were too taxo-
nomically different from one another. Nonetheless, we still
report calcification rates for L. hemprichii in this paper for
reference in future work. All statistical analyses were




We collected our measurements during spring tides when
the duration of intertidal isolation or ‘slack water period’
was *2 h for the intermediate pool and *4 h for the
isolated pool. Daily average water temperatures at the
subtidal site at Cygnet Bay tidal pools ranged from 21.9 C
in the peak of winter (June–July) to 31.7 C in the peak of
summer (December–January) and averaged [31 C for
38 d between December 2011 and January 2012 (Fig. 4).
Differences between the mean daily temperatures of each
of the Intertidal sites and the subtidal site were not that
substantial when averaged over the course of the winter
and summer seasons (*0.1 C). However, diurnal varia-
tions in water temperature were far more pronounced at the
intermediate and isolated sites than at the subtidal site
where maximum solar heating and cooling occurred and
particularly during spring low tides. For example, the
Coral Reefs (2015) 34:1151–1163 1155
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diurnal range in mean hourly temperatures (maximum
minus minimum) exceeded 3 C for 41 % of the year at the
isolated site, 24 % of the year at the intermediate site, and
only 1.6 % of the year at the subtidal site and further
reached up to *7 C at the isolated site during summer.
The highest hourly temperature recorded throughout the
study was 37.3 C at the isolated site in December 2011.
Thus, during the summer of 2011–2012, daytime temper-
atures would frequently exceed 33 C at the intermediate
site (on 19 d) and 34 C at the isolated site (on 14 d).
Night-time excursions were generally much smaller than
the corresponding daytime elevations, exhibiting only a
1–2 C drop in temperature. Salinity ranged between 33.6
and 34.4 for the post-winter field surveys and averaged
34.1 for the post-summer survey (Table 1). Maximum
daily light levels at the subtidal and intermediate sites
ranged from *1000 to 1800 lmol m-2 s-1 depending on
tidal elevation, water clarity, and cloud cover (Fig. 6);
however, maximum daily light levels in the isolated site
reached*2100–2400 lmol m-2 s-1 in March 2012 due to
its particularly shallow depth at low tide (0.2–0.3 m;
Fig. 6).
There was substantial within-season variation in water
column carbonate chemistry due to our measurements being
limited to discrete sampling during daylight hours and at
low tide when rates of net production and net calcification
are highest and the water column shallowest (*0.2 m in the
isolated habitat), thus making it difficult to discriminate
between the effects of diurnal and seasonal variation in our
data (e.g., Manzello et al. 2014). Nonetheless, given that
these samples were collected at the same sites, at the same
time of day (*8:00–11:00) and during the same phase of
tide, we doubt that there was much seasonal bias in TA
beyond what would be expected from seasonal changes in
salinity (?0.9 % or ?19 leq kg-1 from summer to winter
versus ?10 leq kg-1 observed; Table 1). In summer,
average daytime pH ranged from 8.06 in the subtidal to 8.12
in the isolated pool, while in winter it ranged from 8.11 at
the subtidal site to 8.17 at the isolated site (Table 1).
Although daytime pH was significantly higher in winter
than in summer by *0.05 (p\ 0.05), differences of this
magnitude are unlikely to have a marked effect on rates of
coral calcification given the ability of most coral to bio-
logically elevate pH at the site of calcification by *0.5
units (McCulloch et al. 2012; Venn et al. 2013). Conse-
quently, during the day the partial pressure of dissolved
carbon dioxide in the water column (pCO2) reached values
that were below atmospheric values, and aragonite satura-
tion state (Xar) reached values that averaged between 4.0
and 4.25 for the intertidal sites and between 3.5 and 3.9 at
the subtidal site (Table 1).
At Coral Bay, water column temperatures at our study
site averaged *23.3 C in winter (May through Octo-
ber) and*25.7 C in summer (November through April;
Falter et al. 2014; Fig. 5). Unlike the three sites at
Cygnet Bay, the diurnal range in mean hourly tempera-
tures (maximum minus minimum) at the Coral Bay site
never exceeded 3 C during the year-long measurement
period. Benthic light levels reached maximum hourly
irradiances of around 1100–1200 lmol m-2 s-1 in
summer and 800–850 lmol m-2 s-1 in winter (data not
shown); results were comparable to prior measurements
made on shallow reef flats in this region (Falter et al. 2012;
Zhang et al. 2012). Salinity at Coral Bay exhibited a negligible
difference between season (34.8 in winter and 34.9 summer;
Table 1). Total alkalinity at the backreef site in Coral Bay
averaged 2286 leq kg-1 in summer and 2222 leq kg-1 in
winter, whereas daytime pH averaged 8.09 in summer and 8.15
in winter. Thus, daytime pCO2 values were lower than
Fig. 4 Water column temperatures recorded at the three Cygnet Bay
sites: subtidal, intermediate, and isolated sites from September 2010
through August of 2012. The heavy black line represents daily
average temperatures, while the grey regions represent the range
between hourly minimum and maximum temperatures for each day.
All growth experiments began in April 2011. Note the large tidally
driven cycles in temperature of *4 C that are superimposed upon
the seasonal cycle resulting in summer maximum temperatures in the
isolated pools of up to 35 C
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atmospheric in both seasons: 289 latm in summer and
351 latm in winter. Given the opposing effects of temperature
and pH, Xar values were not significantly different on average
between summer and winter (3.6–3.7) (Fig. 6).
Coral calcification
The total bioactive surface area for all morphologies
(branching, flabello-meandroid, and massive) was signifi-
cantly and positively correlated with fragment mass
(r2 = 0.58–0.96, p\ 0.01; Fig. 7; Electronic Supplemen-
tary Materials, ESM, Table S1). Calcification in A. aspera
at Cygnet Bay was significantly affected by both the degree
of tidal exposure and individual season even though
seasonal patterns in coral growth rates were mixed across
sites (Table 2; Fig. 8). Nonetheless, on an annual basis, A.
aspera at the isolated site calcified at rates that were
*30 % lower than at either the subtidal or intermediate
sites (0.40 ± 0.03 vs. 0.58 ± 0.03 and 0.59 ± 0.02 g
cm-2 yr-1), mainly as a result of slower calcification in
summer (0.73 ± 0.08 mg cm-2 d-1 vs. 1.34 ± 0.04, and
1.59 ± 0.08 mg cm-2 d-1 in winter). Unlike A. aspera,
calcification in D. favus was not significantly influenced by
season at either Cygnet Bay or Coral Bay (Tables 2, 3;
Fig. 8); however, it was influenced by the intertidal loca-
tion at Cygnet Bay (Table 2). In further contrast with A.
aspera, calcification in D. favus was fastest at the most
tidally exposed site: 0.40 ± 0.03 g cm-2 yr-1 (1.10 ±
0.07 mg cm-2 d-1) or *30 % faster than rates at the
intermediate and subtidal sites (0.30 ± 0.02 and 0.29 ±
0.02 g cm-2 yr-1, respectively). For T. geoffroyi, both
season and tidal exposure influenced calcification rates
(Table 2; ESM Table S2); however, the ‘seasonal’ effect
was manifest mainly as a significant overall downward
trend in calcification rates at all sites in Cygnet Bay
(Fig. 8). For instance, there was no apparent seasonal
dependency when comparing summer rates to average
winter rates (0.33 ± 0.04 and 0.35 ± 0.04 mg cm-2 d-1).
Similar to D. favus, calcification in T. geoffroyi was
*30 % faster at the tidally exposed sites (0.16 ± 0.02 and
0.15 ± 0.01 g cm-2 yr-1 at the isolated and intermediate
sites, respectively) than at the subtidal site (0.12 ±
0.01 g cm-2 yr-1).
The influence of both region and individual season was
significant when comparing rates of calcification in A.
Table 1 Average water column carbonate chemistry and temperature from discrete measurements made at the study sites in Cygnet Bay and
Coral Bay in summer and winter
Site Season T (C) S (–) pH (–) TA (leq kg-1) DIC (lmol kg-1) pCO2 (latm) Xar (–)
Cygnet Bay
Isolated Summer 32.0 33.7 8.12 2132 1751 293 4.32
Std. Err. ±0.7 ±0.2 ±0.02 ±34 ±49 ±27 ±0.16
Isolated Winter 25.9 34.1 8.17 2160 1796 264 4.02
Std. Err. ±0.3 ±0.2 ±0.03 ±29 ±24 ±6 ±0.09
Subtidal Summer 31.5 33.8 8.06 2194 1850 361 3.97
Std. Err. ±0.5 ±0.1 ±0.01 ±13 ±14 ±4 ±0.05
Subtidal Winter 24.8 34.1 8.11 2204 1882 323 3.56
Std. Err. ±0.4 ±0.2 ±0.02 ±10 ±17 ±26 ±0.19
Coral Bay
Coral Bay Summer 24.3 34.9 8.09 2286 1960 341 3.56
Std. Err. ±0.9 ±0.1 ±0.02 ±9 ±18 ±12 ±0.14
Coral Bay Winter 23.2 34.8 8.15 2263 1914 289 3.77
Std. Err. ±0.4 ±0.0 ±0.01 ±8 ±10 ±9 ±0.08
‘Std. Err.’ represents ±1 standard error in averages shown. See Figs. 4, 5 for continuous temperature records from each region
Fig. 5 Water column temperatures recorded at the Coral Bay site
from February 2011 through October 2012. The heavy black line
represents daily average temperatures, while the grey regions
represent the range between hourly minimum and maximum temper-
atures for each day. Note that the scale of the y-axis is the same as in
Fig. 4
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aspera at Cygnet Bay to A. muricata at Coral Bay as well
as between D. favus at both sites (Table 3; ESM Table S3).
Calcification in A. muricata at Coral Bay was 14 % faster
in the winter than summer (Dcalc. = 0.12 ± 0.07
mg cm-2 d-1), but still 42 % slower than in A. aspera at
the subtidal site of Cygnet Bay (0.34 ± 0.02 vs.
0.59 ± 0.02 g cm-2 yr-1). Calcification in D. favus at
Coral Bay was also 24 % faster in winter than summer
(Dcalc. = 0.26 ± 0.07 mg cm-2 d-1) and 52 % faster
than in D. favus at the subtidal site of Cygnet Bay
(0.44 ± 0.03 vs. 0.29 ± 0.02 g cm-2 yr-1). Calcification
rates in L. hemprichii at Coral Bay increased steadily over
the course of the study from 0.45 ± 0.04 to 0.78 ±
0.06 mg cm-2 d-1 or at an average annual calcification
rate of 0.23 ± 0.02 g cm-2 yr-1 (Fig. 8). Looking across
all sites and both regions, we found that Acropora spp.
generally calcified the fastest (0.34 ± 0.02 to 0.59 ±
0.02 g cm-2 yr-1), followed by D. favus (0.29 ± 0.02 to
0.44 ± 0.03 g cm-2 yr-1), L. hemprichii (0.23 ± 0.02
g cm-2 yr-1), and T. geoffroyi (0.12 ± 0.01 to 0.16 ±
0.02 g cm-2 yr-1).
Discussion
Nearshore waters in the Kimberley provide some of the
warmest and most variable habitats where scleractinian
corals are abundant (Veron 2000). The large diurnal tidal
range in the Kimberley region (8–12 m) causes fairly
expansive intertidal habitat subject to highly variable water
temperatures, ranging up to*7 C over a single diel cycle.
This makes the nearshore intertidal of Cygnet Bay com-
parable to other high and variable temperature environ-
ments where scleractinian coral is abundantly found, such
as backreef habitats in American Samoa (Craig et al. 2001;
Oliver and Palumbi 2009) and outer reef environments of
the Red Sea, albeit not quite as extreme as in the Persian
Gulf (Riegl et al. 2011; Bauman et al. 2013) or nearshore
environments of the Red Sea (Pineda et al. 2013). Fur-
thermore, the temperature of coral tissue within the shal-
lower and more isolated pools in Cygnet Bay (B0.2 m
deep) could be reaching in situ temperatures of up to
*36 C at midday in summer due to the stagnant water
motion being limited to flows on the order of *1 cm s-1
or less at low tide (Fabricius 2006; Jimenez et al. 2008). At
the same time, both daytime elevations and night-time
depressions in water temperature within the intertidal will
generally last just 2–4 h before these environments are
renewed by rising tides and temperatures return to offshore
levels, thus providing some respite to transient thermal
stress (Mayfield et al. 2013).
The current conventional model of temperature-depen-
dent coral growth indicates that once coral have exceeded
their thermal growth optimum, rates of calcification will
decline with increasing temperature (Jokiel and Coles
1977; Marshall and Clode 2004). Coral calcification,
however, responds differently to increases in temperature
across regions than it does to increases in temperature from
within the same habitat. For example, prior studies have
found that massive Porites living in high-temperature
environments with annual sea surface temperatures greater
than 29 C calcify at rates that are comparable to or faster
than those living in more average tropical waters of
*25 C (Smith et al. 2007; Lough and Cantin 2014). In
other cases, there may be no clear optimal temperature for
a given reef habitat (e.g., Putnam and Edmunds 2011).
We found that corals within the globally important reef-
building genera Acropora also calcified at comparable rates
Fig. 6 Diurnal variations in
temperature in the intermediate
pool (green line) and offshore
water levels (blue line) over a
spring tide during field trips in
a autumn and b spring. Diurnal
variations in downwelling light
reaching the benthos of the
intermediate pool (red line) and
offshore water levels (blue line)
over a spring tide during the
same field trips in c autumn and
d spring
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across different thermal habitats, albeit with some nuances.
On an annual basis, A. aspera in the most tidally isolated
site in Cygnet Bay calcified at rates similar to A. muricata
living in Coral Bay; however, there was a significant and
substantial depression (50 %) in summer calcification rates
relative to winter at the isolated site that was not observed
elsewhere. This inverse seasonal behaviour in calcification
(higher in winter than summer) was partially mirrored by
A. muricata in Coral Bay, albeit to a lesser extent
(Dcalc. = -13 %; p = 0.108, df = 21.26). A separate but
contemporary study of Acropora pulchra at Coral Bay also
showed marginal differences between winter and summer
calcification rates (\15 % in 2011–2013), possibly due to
the cumulative stress of two anomalously warm summers
following an initially strong marine heat wave in 2011
(Depczynski et al. 2013; Foster et al. 2014). However,
earlier measurements of net calcification in an Acropora-
dominated Ningaloo Reef community also showed mini-
mal differences between winter and summer several years
before the 2011 heat wave, possibly due to increased rates
of particle feeding in winter (Falter et al. 2012; Wyatt et al.
2012). Thus, the absence of a well-defined seasonality in
calcification rates for Acropora spp. from Ningaloo Reef
may not be due to extreme summer temperatures. The
significant and substantial absence of a seasonal response
of A. aspera calcification to the highly variable and ele-
vated summer temperatures in the most tidally isolated
pool at Cygnet Bay is more suggestive of a temperature-
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Fig. 7 Relationships between measured surface area and skeletal
mass of Acropora aspera and Acropora muricata (a), Dipsastraea
favus (b), and Trachyphyllia geoffoyi (c) fragments from Coral Bay
(blue diamonds) and Cygnet Bay (black circles). The solid lines
represent best-fit linear regressions for A. aspera and A. muricata and
nonlinear regressions of the type y = Axb for all other coral species.
The numerical results for each regression shown are given in ESM
Table S1
Table 2 Mixed effects model analysis testing the influence of the
season and degree of tidal exposure at Cygnet Bay on the coral cal-
cification rates in Acropora aspera, Dipsastraea favus, and Trachy-
phyllia geoffroyi using growth in the subtidal as a reference for site





Site Isolated -0.38 34.27 \0.01
Intermediate -0.06 31.15 0.51
Subtidal 0 – –
Season Winter 1 0.18 77.92 0.04
Summer -0.10 77.94 0.26
Winter 2 0 – –
D. favus
Site Isolated 0.34 24.54 \0.01
Intermediate 0.03 25.83 0.71
Subtidal 0 – –
Season Winter 1 0.02 53.20 0.72
Summer 0.06 52.54 0.32
Winter 2 0 – –
T. geoffroyi
Site Isolated 0.12 26.08 0.01
Intermediate 0.08 24.45 0.07
Subtidal 0 – –
Season Winter 1 0.29 51.17 \0.01
Summer 0.08 49.45 0.01
Winter 2 0 – –
‘df’ is the calculated degrees of freedom for each cross-group com-
parison (e.g., isolated and subtidal), and ‘p’ represents the computed
level of significance
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intertidal zone of the Kimberley may be approaching the
upper limit of habitat suitability for Acropora spp.
In contrast to A. aspera, summer conditions within the
high intertidal zone did not greatly slow the growth of D.
favus or T. geoffroyi; in fact, both species calcified*30 %
faster in the intertidal than in the subtidal (Fig. 8). More
importantly, D. favus from the most isolated intertidal site
calcified at rates not significantly different from those
measured in Coral Bay, even over summer when temper-
atures exceeded 31 C on average for over a month. The
consistent overall decline in T. geoffroyi calcification
across all Cygnet Bay sites was most likely the result of its
particular morphology, developmental strategy, and life
history. Trachyphyllia geoffroyi is often classified as a non-
colonial coral (Veron 2000), and most of the colonies we
found at Cygnet Bay had only 3–6 mouth openings over an
area of 60–80 cm2, equivalent to 15–20 cm2 per mouth,
whereas the largest colonies had 19 mouth openings over
an area of*180 cm2, equivalent to*9 cm2 per mouth. It
would thus seem that as T. geoffroyi colonies age, the
division of the colony continues even as the overall rate of
growth slows down.
Our results, in conjunction with what has been reported
recently in the literature (Smith et al. 2007), indicate that
there are scleractinian coral species living in high and
variable temperature environments which can calcify at
rates that are comparable to or faster than similar species
growing in lower and less variable temperature environ-
ments. The response of individual coral species across
different levels of tidal exposure within the same reef
location (\1 km or less) is unlikely to stem from differ-
ences in genotype due to the high level of hydrodynamic
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Fig. 8 Average net calcification rates (±SE) for specimens of
Acropora aspera and Acropora muricata (a), Dipsastraea favus (b),
Trachyphyllia geoffroyi (c), and Lobophyllia hemprichii (bottom) over
summer (September to March) and winter (March or April to
September) at sites at Cygnet Bay in the Kimberley Region and at
Coral Bay along Ningaloo Reef from April 2011 to September 2012
Table 3 Mixed effects model
analysis testing the influence of
the season and region on
calcification rates in Acropora
aspera and Acropora muricata
as well as Dipsastraea favus
using growth in the subtidal
zone of Cygnet Bay as a
reference for region and in the
second winter as a reference for
season
Factor Group Dcalcif. (mg cm-2 d-1) df p
Acropora spp.
Region Coral Bay -0.64 62 \0.01
Cygnet Bay 0 – –
Season Winter 1 0.14 62 0.14
Summer -0.05 62 0.59
Winter 2 0 – –
D. favus
Region Coral Bay 0.53 27.19 \0.01
Cygnet Bay 0 – –
Season Winter 1 0.33 55.44 \0.01
Summer -0.03 55.44 0.74
Winter 2 0 – –
‘df’ is the calculated degrees of freedom for each cross-group comparison (e.g., Coral Bay and Cygnet
Bay), and ‘p’ represents the computed level of significance
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ences in the growth rates of the same species of coral
across different habitats within Cygnet Bay are likely to
depend on the a priori ‘frontloading’ of genes involved in
heat resistance within the coral host, and/or the ability for
corals to adjust their physiology in accordance with short-
term changes (*weeks) in environmental conditions
(Barshis et al. 2013; Palumbi et al. 2014). It is still possible,
however, that such physiological adjustments (e.g., through
higher rates of heat shock protein production and/or
superoxide scavenging) could exert energetic costs high
enough to subvert rates of calcification, thus partly
explaining the lower calcification rates by A. aspera in
summer and in the most isolated intertidal site at Cygnet
Bay (Table 2). Regional differences in how coral growth
responds to changing environmental conditions can also be
influenced by differences in symbiont clade (Baker et al.
2004; Oliver and Palumbi 2009; Stat and Gates 2011;
Sawall et al. 2014; Hume et al. 2015); however, recent
studies have shown that less than 10 % of Acropora species
living in the Kimberley host symbionts of a clade other
than C (Thomas et al. 2014). This suggests that the genetic
diversity has to originate from adaption within the existing
clades to buffer them against changes in their thermal
climate. Future studies aimed at understanding how coral at
Cygnet Bay is able to maintain such robust rates of calci-
fication despite the high and variable water temperatures
would be well served to consider their respective genetic
composition and physiology, as well as examine both
variations in calcification rates over longer time scales
(e.g., inter-annual). To the best of our knowledge, there
still have been no reports of regional-scale mass bleaching
in the Kimberley; thus, the Kimberley region provides an
excellent natural laboratory in which to study the ability of
scleractinian coral to grow and survive in high and variable
temperature environments.
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